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Introduction 44
Seagrass leaves and rhizomes are colonized by taxonomically diverse animal and algal 45 representatives referred to as epiphytes following the definition of Steel and Wilson (2003) . 46 Seagrass and epiphytes form meadows which are highly valued for the services they provide 47 (Hemminga and Duarte 2000) . For example, they play a fundamental role in maintaining 48 populations of exploited fisheries (Jackson et al. 2015) . In the Mediterranean Sea, the seagrass 49
Posidonia oceanica L. (Delile) covers 23% of shallow water substratum (< 50 m, Pasqualini et 50 al. 1998 ) and leaf epiphytes can constitute ~30% of the canopy biomass (Prado et al. 2008) . 51
Seagrass leaf epiphytes include coralline and filamentous algae, polychaetes, foraminiferans, and 52 bryozoans (Borowitzka et al. 2006 ). Among these groups are several calcifiers (e.g. coralline 53 algae, foraminiferans, serpulid polychaetes and some bryozoans) which contribute to carbonate 54 cycling (Frankovich and Zieman 1994; Perry and Beavington-Penney 2005) . Moreover, P. 55 7
Collection of seagrass leaves 148
Six to ten oldest leaf blades were collected from separate P. oceanica shoots growing 149 within the reference plot and enclosures. Oldest leaf blades, or the outer most leaf in the bundle, 150
were selected because these blades have more developed epiphytic communities (Cebrián et ended on 4 November 2014 but due to logistical constraints the final collection of blades were 157 made six days later. A set of ten leaves was also collected immediately after the transition period, 158 on 26 June 2014 (referred to as sampling interval, T0). These leaves were collected in a 2 x 1 m 159 area in the meadow, located ~2 m from the enclosures. They were collected outside the 160 enclosures and the reference plot to limit destructive sampling within the experimental setup but 161 still obtain a baseline measure. All leaves were collected above the sheath, placed into separate 162 plastic bags, transferred into a darkened cooler, and transported to the laboratory. 163
Determination of epiphytic coverage and composition 164
Leaves used for determination of epiphytic coverage and composition were kept in a 165 temperature controlled (20 to 22 ºC), darkened room for less than 24 h until scanning was 166 completed. A high-resolution scanner ZooScan (Hydroptic, France; Gorsky et al. 2010) produced 167 colour images (2400 dpi) of leaves and their epiphytes. Five to seven images of leaves were used 168 to represent the assemblage within the reference plot and enclosures at each interval, except at 169 T1 when error resulted in three to four scanned leaf images being used per treatment. 170 8
The cell counter plug-in, in ImageJ, generated a grid (0.1 cm x 0.1 cm) superimposed on 171 the scanned image of the leaf. Organisms that occurred directly underneath each intersection of 172 the grid or point (231 to 1244 depending upon leaf length) were identified to the lowest possible 173 taxonomic or functional unit and counted. Fifteen lowest possible taxonomic or functional 174 groups were identified. These 15 were lumped into 11 groups that shared functional or 175 taxonomic similarity (see Table S3 ). The 11 groups were as follows: CCA (pigmented if pink in 176 coloration or bleached if thallus appeared white), non-calcified algae, Bryozoa, serpulid 177 polychaetes, Foraminifera, Hydrozoa, Porifera, unidentified, biofilm and ascidians. Biofilm was 178 defined as a group of microscopic organisms that formed a visible film across the surface of the 179 leaf. SEM images indicated this group is likely composed of diatoms and bacterial films and rod 180 forms. Percent cover by organism (or unit) was determined for each leaf by dividing the 181 organism intersections by the total number of intersections analysed and multiplying by 100. 182
Calcium carbonate mass 183
After scanning, the mass of CaCO3 contained in the epiphytes was assessed using the 184 weight loss after acidification method (Bosence 1989; Perry and Beavington-Penney 2005) . 185
Leaves with epiphytes were dried at 60 °C for 12 h, weighed (A, 0.01 mg), acidified with 5% 186
HCl, rinsed twice with deionised water, dried again at 60 °C for 12 h and re-weighed (B). Ten 187 young leaves without epiphytes were treated in the same manner (C). The weight of the epiphytic 188 calcareous mass was then determined from the following equation
Determination of mineralogy 190
After each leaf collection, three leaves from each treatment were set aside to air-dry (~22 191 ºC) at room temperature. Dried epiphytes were gently scraped from separate leaves and ground 192 into a fine powder for X-ray diffraction (XRD, N = 3 per treatment). Additionally, to obtain a9 baseline mineral profile the XRD analysis was performed on separate Bryozoa and CCA 194 sampled at T0 and carefully removed from the leaves and ground. Scanning electron 195 microscopy-energy dispersive spectroscopy (SEM-EDS) was further used to understand how the 196 minerals identified by XRD, were present on the leaf surface. Using SEM-EDS we compared the 197 skeletal structure of CCA between treatments. 198 XRD was carried out using a SIEMENS D501 Bragg-Brentano diffractometer equipped 199 with a graphite monochromator and scintillation detector, using CuKα radiation. Settings were a 200 step size of 0.02° and a scan speed of 1° per minute. Precision for determination of Mg-content 201 of Mg-calcite was ~0.5%. Scan interpretation followed procedures described in Nash et al. 
Statistical analyses 212
The approach used was to monitor the epiphytic community at three sites: control 213 enclosure, experimental enclosure, and a reference plot. This study, similar to many natural 214 experiments, lacks true replication (Hurlbert 1984) . In unreplicated designs in ecology, the 215 emphasis is on the estimation of effect size and the unique ecological perspective provided 216 (Hurlbert 1984 Multivariate analyses were used to compare the leaf epiphytic communities. Prior to 220 analyses, the epiphytic coverage at each interval was averaged. Thus, there was one value for 221 each of the three treatments (reference, control enclosure, and the experimental enclosure) at 222 each interval (T1-T4). A square root transformation was applied and a Bray-Curtis resemblance 223 matrix created between each interval-treatment assemblage (4 intervals x 3 treatments = 12 leaf 224 assemblages). Dissimilarities were visualized with an nMDS (non-metric multi-dimensional 225 scaling) plot. A two-way (treatment x interval) Analysis of Similarity (ANOSIM) without 226 replication and 999 permutations was used to examine for differences. This is a valid approach in 227 ecological monitoring when there is pseudoreplication (Clarke 1993 ). The global R from an 228 ANOSIM indicates effect size. It ranges from -1 to 1 and is analogous to a correlation 229 coefficient; a value close to zero indicates no or little distinction between a prior groups. The 230 ANOSIM was followed by two separate (treatment and interval) similarity percentage analyses 231 (SIMPER) to identify the amount each taxonomic or functional group contributed to 232 dissimilarity. 233
Data from leaves collected at T0 (before the perturbation) were not used in multivariate 234 analyses because they were only collected at one instance and outside the experimental setup. 235
Similarly, organisms that occurred on one to three leaves out of 70 were removed prior to 236 analyses to eliminate their inflated influence on dissimilarities. 237
The abundance (mean, median, and range) of specific taxa, CaCO3 mass, and epiphytic 238 mineral composition were compared qualitatively through time between the three treatments; The carbonate chemistry is summarized in Table 1 and the diel variability is provided in 249 Table S1 . The pHT in the meadow (ambient) ranged from a monthly mean of 7.98 (± 0.06 SD) to 250 8.11 (± 0.04 SD, Table 1 ). The mean saturation states of aragonite (Ωa) and calcite (Ωc) ranged 251 from 3.1 to 3.6 and 4.9 to 5.4 from June to September, respectively. The diel pH T change 252 differed among months from 0.04 to 0.12. It corresponded to the daily change in CO2 253 concentration driven by community primary production, respiration and calcification. 254
The carbonate chemistry in the control enclosure and the ambient environment were 255 similar (monthly mean differed < 0.06 units). The diel change in pHT within the control 256 enclosure was slightly greater than in ambient and was consistent in the pre-and during 257 acidification period (median ± median absolute deviation 0.14 ± 0.06 and 0.14 ± 0.06). 258
During the acidification period, the pH in the experimental enclosure was maintained at a 259 mean -0.26 unit offset (monthly mean values from -0.22 to -0.29 pH units) from the control 260 enclosure (Table S1) Table S2 ) but were similar in the ambient, control and experimental 269 enclosures. 270
Leaf epiphytic community description 271
Overall, CCA were the most dominant epiphyte occurring on all leaves at coverages 272 between 0.8 to 58.8%, followed by the lesser abundant biofilm (0 to 22.0%) and Bryozoa (0 to 273 20.8 %). Hydroids and sponges were found on 3 of the 70 leaves (< 2%). An ascidian occurred at 274 12% on one leaf collected from the reference plot. 275 SEM images confirmed the presence of CCA, Bryozoa, Foraminifera, serpulid 276 polychaetes and biofilm. At this increased SEM resolution, bacterial films, rod structures and 277 diatoms were visually distinguishable. These organismal groups were likely undetected or 278 grouped to 'biofilm' in the quantification of macroepiphytes. Unidentified rod structures of 1-2 279 µm in length were commonly found on the epiphytes but not directly on the leaves (Fig. S2) . 280
Diatoms were observed both on epiphytes and leaf surfaces. 281
Spatial and temporal patterns in epiphytic community 282
There was little distinction in epiphytic composition and coverage found on leaves from 283 the enclosures and reference plot yet, clear differences were observed between T1-T4 intervals (Table S4 , 19.1 to 33.3%) to treatment 289 dissimilarities. Leaves from the reference plot had an overall (across all sampling intervals, n = 290 18 to 20 leaves) greater coverage of pigmented CCA (mean ± SD, reference = 27.9 ± 15.3, 291 control = 19.5 ± 9.4 and experimental = 23.4 ± 10.7%) and leaves from the control had a greater 292 cover of biofilm (mean ± SD, reference = 0.8 ± 0.9, control = 7.2 ± 5.3, experimental = 2.8 ± 293
2.5%). It was also noted that there was a greater coverage of biofilm in enclosure communities, 294
with percentages more similar to those observed at T0 in leaves from the ambient. In SEM 295 images, relatively greater numbers of diatoms were observed on leaves collected in the 296 enclosures than on leaves collected at T0 and in the reference plot. 297
Dissimilarity in communities increased with increasing duration between sampling 298 intervals. For example, the overall (combined treatments) community at T1 was most dissimilar 299 from communities at T3 and T4 (20.9 to 30.2% dissimilar, respectively) and least dissimilar from 300 the community at T2 (14.1%). Also, the community at T2 was more similar to the community at 301 T3 than the community at T4 (Table S5 , T2 and T3 were 18.2% dissimilar, T2 and T4 were 302
26.7% dissimilar). 303
In enclosures and in the reference plot, there was a decline in the abundance of CCA 304 (bleached and pigmented, separate groups in analyses) from July (mean ± SD, T1 31.4 ± 8.3%) 305
to November (mean ± SD, T4 11.7 ± 6.2%). Bleached and healthy appearing CCA showed 306 similar trends in time. Together, they accounted for 33 to 55% of the dissimilarity between 307 14 intervals. Other epiphytic groups also declined from T1 to T4 and contributed to interval 308 dissimilarities (each contributed between 4.1 to 13.7%), these included non-calcified algae (mean 309 ± SD, T1 2.2 ± 2.7% to T4 0.3 ± 0.4%) and Bryozoa (mean ± SD, T1 2.1 ± 1.4% to T4 0.5 ± 310 0.6%). 311
The abundances of epiphytes found on the T0 leaves (n = 7, collected from nearby 312 enclosures before the pertubation), highlight the large spatial or temporal variability in 313 abundance of some groups, such as Bryozoa and Foraminifera (Fig 2) . 314
Trends in organismal coverage to evaluate predicted pH effects 315
Overall (pooled across sampling intervals), leaves from the experimental enclosure had a 316 slightly greater mean coverage of pigmented CCA than those from the control enclosure ( Fig. 2  317 A) and the range of coverage often overlapped. The coverage of non-calcified algae (Fig. 2D,  318 mostly Dictyota sp.) declined in all treatments and the overall mean (± SD) was slightly lower in 319 the experimental than in the control enclosure (1.2 ± 1.8% vs 0.7 ± 0.7%). It contributed 4.7% to 320 enclosure differences. Leaves from the experimental enclosure also tended to have a relatively 321 greater coverage of invertebrate calcifiers ( Fig. 2E, F ; mean ± SD, control versus experimental, 322
Bryozoa: 0.6 ± 0.8% vs 1.0 ± 0.9%; serpulid polychaetes: 0.1 ± 0.1%, vs 0.4 ± 0.4%). These 323 abundances contributed 8% each to differences between enclosures. Only, leaf epiphytic 324 Foraminifera (Fig. 2G ) had a directional change in abundance distinct from the change in 325 abundances on leaves from the control enclosure and reference plot. Foraminifera coverage was 326 greatest on leaves at T1 within the experimental enclosure (0 to 1%), they declined at T2 (0 to 327 0.1%) and disappeared from the collected leaves at T3 and T4. However, this taxon is rare 328 (indicated by low coverage, <1%) and coverage between leaves can be highly variable (see T0). 329
It contributes 7% to enclosure community differences (Table S4) . 330
Calcium carbonate mass 331
CaCO3 mass on leaves ranged from 8.6 to 24.7 mg cm -2 (Fig. 3 ). There were no clear 332 consistent patterns that would indicate seasonal changes or lowered pH effect. 333
Mineralogy 334
The magnesium carbonate composition of leaf epiphytes ranged from 10.6 to 13.2 mol% 335
MgCO3 and there was no indication of a low pH effect (Fig. 4) . The mean (± SD) mol % MgCO3 336 was 11.9 ± 0.6 on leaves from the reference plot, 12.1 ± 0.9 on leaves from the control and 12.0 337 ± 0.7 on leaves from the experimental enclosure. Values obtained on samples collected at T0 338 confirmed that CCA and Bryozoa were, respectively, 11.3 to 11.7 and 8.3 to 8.8 mol% MgCO3. 339
Changes in epiphytic mol% MgCO3 by sampling interval appeared to be seasonal (Fig.4) . 340
The community mean (±SD) value tended to increase from T0 (June, 10.7 ± 0.1) to T1 (July, 341
11.1 ± 0.4) and maintained a similar composition between T2 and T4 (September to November, 342 12.2 ± 0.4 and 12.4 ± 0.6 mol% MgCO3). 343
There were two other mineral phases present in the epiphyte community in addition to 344 magnesium calcite, calcite and aragonite. Aragonite was present on all 24 leaves examined from 345 the enclosures but was not present on leaves collected from the reference plot, nor from T0 346 leaves from the ambient environment (16 leaves in total). The proportion of aragonite in bulk 347 epiphytes between enclosures was similar at each interval from T1 to T3. At T4, it was greater in 348 two of the three epiphyte samples collected from the control enclosure and in three of three 349 samples collected from the experimental enclosure (Fig. 4) . 350
Calcite was predominantly present in epiphytes collected from the reference plot and at 351 T0 in ambient epiphytes (Fig. 4) . Epiphytes from the ambient environment at T0 and T1 to T3 in 352 the reference plot had minor calcite amounts present as indicated by slight asymmetry of the Mg-353 calcite peak. There were separate peaks for calcite and Mg-calcite for bulk epiphytes at T4, 354
indicating substantial amounts present, but they were not quantified. The asymmetry method is 355 not appropriate when the peaks are entirely separate, as for the T4 samples. In this case the value 356 of (-) 6 was given, being the approximate difference between the value for calcite (which 357 contains ~3-4 mol% MgCO3) and Mg-calcite (9-10 mol% MgCO3). 358 SEM-EDS was used to visualize the surfaces of leaf epiphytes and examine the location 359 of mineral phases. Imaging was undertaken on subsamples from three leaves collected at T0 360 from the ambient environment and from both enclosures and reference plot at T1 and T4. Loose 361 grains of Mg-calcite were present on the seagrass surface (Fig. S3) . These appeared to be 362 remnant grains after the surficial CCA had broken off, possibly during sample preparation. 363
Calcification features of the CCA from the enclosures and reference plot appeared similar in 364 structure (Fig. 5 ). There were not any structural indications of dissolution from the lowered pH. 365 EDS measurements also confirmed that the CCA were Mg-calcite. 366
All the imaged CCA had areas of alteration where their cellular structure was no longer 367 intact (Fig. 6) . EDS measurements showed that alteration areas were responsible for the calcite 368 or aragonite identified by XRD. Altered surfaces of epiphytic CCA revealed different mineral 369 phases related to a "structural effect" from the enclosures. On leaves from the ambient 370 environment (reference plot as well as T0), the altered CCA surfaces appeared rough and were 371 composed of calcite with no micro-endoliths visible. In contrast, the altered surfaces of CCA on 372 leaves from the enclosures were aragonitic. The aragonite-altered CCA showed areas that 373 appeared similar to the calcitic altered areas on CCA from the ambient, with the exception that 374 there were also partially eroded cells that had altered to aragonite (Fig. 6, Fig. S4 ). Crystal 375 morphology of the aragonite varied from blocky to typical aragonite needle shape. Particular 376 attention was paid to the November samples from the reference plot to determine whether there 377 were other epiphytes or changes that could be responsible for the substantially greater amount of 378 calcite observed relative to the amount observed at T0 and T1 in the epiphytes grown in the 379 ambient environment. The only calcite detected was in alteration areas that appeared similar to 380 that observed previously at T0 and T1. Diatoms and bacterial films were observed on the 381 surfaces of leaves and CCA, often in close proximity to the altered algal surfaces (Fig. S4) . The outcome for epiphytes growing in host plant boundary layers may also depend upon 463 the pH scenario used. For example, recruitment and growth of calcifying serpulids and bryozoan 464 on the alga Fucus serratus were weakly to not affected at pHT = 7.7 but were reduced at pHT = 465 7.3 (Saderne and Wahl 2013). The ocean acidification scenario used (mean pHT of 7.75) could 466 also explain the outcome in the present study. Maintaining a calcified skeleton presumably 467 becomes more difficult and costly as seawater gets closer to undersaturation (Kleypas et al. 468 21 1999) . Seawater in the pH manipulated enclosure was lower than ambient yet, it remained 469 saturated with respect to both calcite and aragonite (3.6 and 2.2). CCA have the ability to raise 470 the pH within their boundary layer to limit the potential negative impacts of decreased ambient 471 pH when seawater is not undersaturated (Hofmann et al. 2016 ). In contrast, at CO2 seeps, pH 472 near the vents can be highly variable and organisms can be exposed to pH levels substantially 473 lower than projections for the next century (Kerrison et al. 2011 ). In addition, organismal 474 physiological responses can be confounded by biological conditions facilitated by venting, not 475 related to lowered pH (Vizzini et al. 2013) . volcanic CO2 seeps, epiphytic calcifier abundance on P. oceanica leaves was negatively 491 22 correlated with pH (Donnarumma et al. 2014) . In contrast, the pH pertubation in the present 492 study occurred during a period with large seasonal environmental change (July to November) 493 and a climax epiphytic community, and no pH effects were observed. We also observed, in all 494 treatments, what appeared to be a recruitment event of filamentous algae and both CCA recruits 495 (small patches) and adults with reproductive conceptacles. Thus, we surmise that if the eFOCE 496 experiment was extended for a full year the outcome would be the same. Even though this 497 experiment was conducted in a period of biomass decline, we do not think it masked an impact. 498
In other studies, a decline in CCA calcification rates and coverage has occurred rapidly (weeks to 499 months), a time frame well within the duration of study and the sampling frequency. A repeated 500 experiment with extended experimental duration is needed to clarify long-term effects and to 501 include the period of peak faunal recruitment not captured in the current study. 502
To the best of our knowledge, this is the only study to concurrently investigate temporal 503 changes and pH effects on bulk epiphytic mineralogy. The only identifiable trend for Mg content 504 was over time. The increase in MgCO3 after August (T2) could be explained by the seasonal 505 reduction in abundance of invertebrate calcifiers often composed of lower Mg-calcite. 506
Alternatively, or in combination, the incorporation of more Mg may be due the 2 to 6 °C increase 507 experimentation. This study addressed a need for in situ pH manipulation to account for the 517 complexity in community response to ocean acidification. Additionally, the study design 518 accounted for natural pH variation that is often ignored when pH is manipulated in situ. While 519 large scale unreplicated experiments, like eFOCE, can provide valuable ecological information 520 they do have drawbacks (Hurlbert 1984 and Gray 2015) were taken to try to reduce erroneous conclusions that may occur including: (1) 525 care was taken to select study locations that were similar in depth and seagrass density to reduce 526 confounding variables (2) the environment was continuously monitored to ensure they were 527 similar to those in ambient, (3) repeated measurements were made at the same location through 528 time and compared to 'before' measurements when possible, (4) comparisons from the pH 529 manipulated enclosure were made to two different spatial locations and (5) statistics used did not 530 require replication. 531
The use of a FOCE system to study the epiphytic community on P. oceanica leaves 532 provides a more positive outlook on the future of meadows than the projections based largely on 533 observations near CO2 vents. This conclusion should be tempered until more assessments are 534 conducted with greater replication under a variety of conditions found in meadows. Nevertheless, 535 results add to the growing evidence that calcareous members of macrophyte dominated 536 communities may be more resilient to minimal changes in carbonate chemistry. 
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